We report optical and structural characterizations of InAs quantum dot superlattices grown by molecular beam epitaxy on GaAs 001. Cross-sectional electron microscopy imaging reveals 20 nm diameter InAs islands well aligned along the growth direction. Low temperature photoluminescence spectra exhibit a clear redshift with decreasing island vertical separation, as a result of electronic coupling between stacked dots, given that the larger shift is obtained for 70 A spacing. At high excitation power, the photoluminescence spectra show a doublet structure corresponding to coupled and uncoupled quantum dot states. The temperature dependence of the photoluminescence indicates that thermionic emission activation energy is much l o wer than the estimated barrier height. Such a di erence is explained by the presence of non-radiative recombination centers due to strain relaxation and In segregation.
I Introduction
Self-organized semiconductor growth has recently gained considerable interest due to the possibilities it o ers as an alternative formation of quantum dot QD structures, avoiding post-growth processing techniques drawbacks. QD arrays produced in this way h a ve been extensively investigated by optical 1-3 , structural 4,5 and electrical 6,7 measurements, showing their potentiality to act as optoelectronic devices. Although QD laser operation has already been demonstrated 8-10 , the degree of uniformity a c hieved in single layer QD structures still leads to a signi cant gain bandwidth broadening 11 . The growth of QD superlattices has then been considered as a way to increase QD arrays uniformity. Such structures surprisingly exhibit a vertical self-organization, since new islands tend to nucleate directly above the buried ones due to local surface strain minima 12,13 . Recent results also suggest that QD stacking leads to more uniform island size distribution 14,15 . Moreover, the formation of vertically ordered QD stacks allows to exploit electronic coupling of the islands by controlling the inter island separation thickness 16 . In this paper we report on photoluminescence PL investigations of InAs QD superlattices SL grown by molecular beam epitaxy MBE with di erent GaAs spacer layer thicknesses. Transmission electron microscopy TEM is used to image QD vertical alignment. The optical results suggest electronic coupling is best achieved for a given spacer layer thickness. For this speci c thickness, coupled and uncoupled electronic states are observed. Finally, thermal relaxation is found to occur via non-radiative defects centers.
II Growth and experimental details
The structures were grown by conventional molecular beam epitaxy on 100 GaAs substrates under an As 4 background pressure of 210 ,6 Pa. InAs and GaAs rates were set to 0.1 and 0.35 monolayer ML s, respectively. The whole growth process was controlled in situ by re ection high energy electron di raction RHEED. After oxide desorption, a 0.3 m thick GaAs bu er layer was grown at 580 o C, followed by ten periods of an AlAs5ML GaAs10ML superlattice, and then by a 0.1 m GaAs layer. Next, the substrate temperature was lowered to 450 o C and 3 InAs ML were deposited, followed by a GaAs spacer layer. The spacer layer thickness ranged from 40 to 130 A. This sequence was repeated 3 and 7 times to obtain the multilayered structures. Variations of the RHEED specular beam intensity at InAs growth initial stages indicated the formation of a complete InAs monolayer. At 1.8 ML InAs coverage, spots appeared on the RHEED pattern due to 3D island formation, followed by a rapid fall-o of the specular beam intensity. During GaAs spacer layer deposition, the specular beam intensity rst did not vary and then gradually increased, presenting superimposed oscillations. Meanwhile, the 3D island spots slowly disappeared, revealing the 24 GaAs surface reconstruction pattern. The structure was nally capped with a 500 A GaAs layer. A single QD layer sample was also grown with the same conditions for reference purpose. The samples were prepared for cross-sectional TEM observations by conventional mechanical polishing and ion milling techniques, and then observed with a PHILIPS CM30ST microscope under an acceleration voltage of 300 kV. PL investigations were performed in a closed cycle He cryostat under Ar + laser green line excitation 514.5 nm. The optical emission spectra were analyzed by a 0.5 m single grating spectrometer and measured in lock-in mode by a photomultiplier. No structural defects, such as QD non-formation, microtwins or dislocations could be observed. As expected, QDs align vertically in stacks. Moreover, in some cases, QDs in the upper layer seem larger than those in the rst layer. Since QD size modi cation has a considerable in uence on PL peak position, it is therefore important to determine whether such phenomenon really occurs. Unfortunately, due to rather thick samples, high resolution TEM images did not permit to determine precisely QD lateral sizes. 2 shows measured PL spectra for 3-layer QD superlattices with 130, 100 and 70 A GaAs spacer layers. A single QD layer PL spectrum is also presented for comparison. The main peak is due to electron-hole QD ground state recombination. Stacking a few QD layers slightly redshifts the PL peak. Decreasing spacer layer thickness down to 70 A also clearly drives the optical emission towards lower energies. Stacking induced strain relaxation accounts for part of this band gap reduction. Additionally, w ave-function overlap allows electronic coupling between the islands, and thus lowers the QD ground state energy level. Closer islands are expected to produce stronger coupling, hence shifting the PL peak towards lower energies for samples with thinner spacer layers. Fig. 3 summarizes PL peak position behavior as a function of GaAs spacer layer thickness for the two series of samples. As discussed earlier, PL spectrum experiments a redshift as the spacer layer is reduced from 130 to 70 A due to electronic coupling between nearby dots. Surprisingly, as the spacer layer further decreases, the optical emission is blue-shifted. We therefore conclude there exists a certain spacer layer thickness for which coupling is best attained, and that this thickness is about 70 A. We suggest that strain relaxation in too closely stacked islands allows QD lateral size modi cation along the vertical direction, what, in turn, inhibits coupled states formation. The optical properties of the samples were then investigated as a function of the excitation density. All samples exhibited gaussian-shaped PL spectra in the whole excitation power range, except the two samples with a 70 A thick spacer. Fig. 4 shows the excitation density dependence of one of these samples. At low excitation, PL spectrum is dominated by the 1.150 eV peak. At higher excitation densities, the spectrum exhibits a doublet structure that can be tted by t wo gaussian peaks. Further increasing the excitation density leads the second peak, located around 1.20 eV, to dominate the spectrum. A linear dependence with excitation density is derived for both peaks, hence we d o not attribute any of them to an impurity-assisted radiative recombination. Furthermore, these two peaks cannot arise from di erent QD size distribution since both of them should be observable with the same intensity ratio in the whole excitation density range. In multilayered samples, the apparition of new PL peaks with increasing excitation density has been attributed to optical emission from excited states 17 . For a single set of 20 nm diameter QDs, theoretical and experimental results show that the rst excited state transition occurs 50 to 80 meV above the ground state transition 18,19 . As the energy di erence between the two peaks of g. 4 is about 50 meV, optical recombination from excited states could be responsible for the PL peak doublet structure. However, in closely stacked QD layers, vertical electronic coupling between nearby dots has to be considered. The calculated ground state energy lowering due to such coupling ranges between 20 and 50 meV 20,21 , and the rst excited state, even lowered by the coupling, lies well above the uncoupled ground state 20 . We therefore attribute these low-and high-energy peaks to coupled an uncoupled QDs, respectively. As in Ref. 22 , we suppose uncoupled states arise from QD lateral size variations within the vertical stack. Coupled states, due to their lower ground state, are rst populated. With increasing excitation density, all coupled states become populated and radiative recombination also occurs via uncoupled states. At high excitation densities, this recombination process dominates due to the lower density of coupled QD states. PL measurements as a function of temperature were also carried out to investigate thermal relaxation processes in these samples. All samples exhibited a good thermal stability and a good PL signal could be detected up to 180 K. Fig 5 presents integrated PL intensity temperature dependence of a 7-layer QD SL. The two gaussian components exhibit the same temperature stability, but slightly di erent behavior because of the di erent degree of wave function localization in the coupled and uncoupled states. From these plots were extracted the PL quenching activation energies. For low-and high energy peak, respectively, w e obtained 38 and 78 meV, leading to a 40 meV di erence, which is very close to the 36 meV PL peak position di erence see g. 5 inset. PL quenching process is therefore the same for coupled and uncoupled states. However, these values are much smaller than the estimated InAsGaAs barrier height 23 . Similarly, the obtained values ranged from 30 to 108 meV for all samples. We therefore suppose that PL quenching does not arise from carrier thermionic emission to the GaAs barrier but from non-radiative recombination centers. Such centers may originate from strain-induced structural defects, as well as from interface defects due to In segregation.
III Results and discussion

IV Conclusion
We h a ve i n vestigated electronic coupling and thermal relaxation in QD superlattices with di erent GaAs spacer layer thicknesses by PL measurements. The ground-state transition energy of the stacked QDs is found to decrease with decreasing spacer thickness as a result of the higher degree of strain relaxation and electronic coupling. For very closely stacked QDs, strain relaxation inhibits electronic coupling by modifying island lateral size. PL quenching activation energies are found to be considerably smaller than the estimated barrier height, indicating that thermal quenching occurs through carrier non-radiative recombination via defect states.
